NaCl) media revealed that the low-osmotic-strength culture contained approximately 16 -fold more SEC and sec mRNA than the high-osmotic-strength culture. sec expression in high-osmotic-strength medium was enhanced when osmoprotective compounds were added. Osmoregulation of sec expression in Agr-strains was also examined; SEC and sec mRNA levels decreased in response to high osmolarity in a manner similar to that seen in the Agr+ strains.
Staphylococcus aureus is an extremely osmotolerant organism. It is able to grow in media with a water activity (a,) as low as 0.86 (25) . When grown in high-osmotic-strength medium, S. aureus accumulates a number of compounds, including glutamine, glycine betaine, and proline (1, 9, 13, 15, 17) ; these compounds are able to act as osmoprotectants in many bacteria (reviewed in reference 6). For S. aureus, Graham and Wilkinson have demonstrated that choline, glycine betaine, proline, and taurine are osmoprotective (9) . Of these osmoprotectants, the role of proline in osmoregulation has been examined most thoroughly. Proline accumulation in osmotically stressed cells occurs as a result of transport (1, 13, 17, 29) , and it appears that there are at least two transport systems that may play a role in proline accumulation (2, 29) .
The osmotolerance of S. aureus undoubtedly helps this bacterium successfully grow within many foods (reviewed in reference 32). Contamination of food with S. aureus can result in staphylococcal food poisoning syndrome, which is one of the leading causes of food-borne disease in the United States (3). Illness is caused by ingestion of preformed staphylococcal enterotoxins (SEs); there are five characterized types of enterotoxins (types A through E [reviewed in reference 4]). Because food is often preserved by reducing its aw, the effect of reduced aw (i.e., increased osmotic strength) on the production of SEA, SEB, and SEC has been examined. A variety of compounds have been used to alter the osmolarity of the test cultures, including NaCl, KCI, glycerol, and medium constituents containing hydrolyzed protein (PHP and N-Z amine NAK [7, 8, 14, 18, 30, 31, 33] ). Although the culture conditions and osmoremedial agents have varied for different studies, general patterns of regulation have emerged. There is a slight reduction in SEA production in high-osmotic-strength medium, but it appears to correlate with a reduction in growth (14, 18, 28, 31, 33) . In contrast, most reports found SEB and SEC production to be much more sensitive to reduced a, than SEA production was (7, 8, 30) .
The molecular mechanisms involved in osmoregulation of SEB and SEC production are not understood. In this study, we have concentrated on the effect of high NaCl concentrations on sec expression and demonstrated that sec mRNA levels decreased in high-osmotic-strength medium containing 1.2 M NaCl. Because the osmolarity of the growth medium was adjusted with NaCl, decreased sec expression may be due to the increased osmolarity of the growth medium and/or the increased ionic strength. We have also shown that an intact accessory gene regulator (agr) allele is not required for the NaCl effect on sec; agr is a global regulator that positively affects sec expression (22) .
Bacterial strains and culture conditions. Two wild-type, SEC-producing S. aureus strains (FRI1230 and FRI400) and their Agr-derivatives (MJB701 and MJB392) were examined. As described previously, MJB392 was constructed by introducing the TnS51-inactivated agr allele from ISP546 into FRI400 by transduction (22 Effect of NaCl on sec expression in Agr+ strains. Two SEC-producing S. aureus strains, FRI1230 and FRI400, were examined in low-(0 M NaCl) and high-osmoticstrength (1.2 M NaCI) media. Although S. aureus is halotolerant, the culture grown in the high-osmotic-strength medium grew more slowly than the control culture (Fig. 1A) . This reduction in growth rate and final cell yield in highosmotic-strength medium is consistent with previous reports (7-9, 29, 30, 31) . The amount of accumulated, extracellular SEC produced for each strain was examined by Western blot (immunoblot) with polyclonal antiserum as described previously (22) . The amount of supernatant analyzed was adjusted to account for differences between the OD540 values of the control and test cultures at the time of sampling (24 h ). The test cultures contained 8-to 16-fold less SEC than the respective control cultures (Fig. 1B) . To examine the possibility that SEC was less stable in high-osmotic-strength medium, a control experiment was done. Equal amounts of SEC were added to high-and low-osmotic-strength media. After 24 h of incubation at 37°C, Western blot analysis revealed no detectable difference between the SEC concentrations of the two samples (data not shown), indicating that the decrease in extracellular SEC in high-osmotic-strength medium was not due to altered stability of the protein.
From the cultures grown in high-and low-osmoticstrength media, total cellular RNA samples were prepared postexponentially (at 6 h) when maximal sec expression occurred (22) . The samples for each strain were analyzed on a Northern blot. The Northern blots were hybridized with an sec-specific, 32P-labeled probe (C-562) as previously described (22) . The test cultures contained at least 16-fold less sec mRNA than the control cultures (Fig. 1C) ; thus, the effect of NaCl on sec expression was occurring at the level of steady-state mRNA (i.e., transcription or mRNA stability).
Effect of NaCl on sec expression in Agr-strains. sec is an agr target gene, with maximal sec expression observed in an Agr+ background (22) . In another study, we found that a functional agr system is required for the decrease in sec expression observed under conditions of alkaline pH (21) . To determine whether the reduction in sec expression in high-osmotic-strength medium required an intact agr allele, sec expression in Agr-derivatives of FRI1230 (MJB701) and FRI400 (MJB392) was examined in low-and high-osmoticstrength media. Growth inhibition similar to that seen for the Agr+ strains was observed in the medium containing 1.2 M NaCl ( Fig. 2A) (Fig. 2B) . Northern blot analysis of total cellular RNA samples (at 6 h) for a given strain revealed that the test culture contained at least 16-fold less sec mRNA than its respective control culture (Fig. 2C) . The (19) . In a recent study, Sheehan et al. examined the effect of high NaCl concentrations on the eta promoter, which was fused to a reporter gene (xylE) in a recombinant plasmid (26) . Sheehan et al. concluded that an intact agr allele was required for repression of the eta-xylE fusion in high-osmotic-strength medium (1 M NaCl). It is interesting that two agr-regulated genes apparently respond to high NaCl concentrations via distinct regulatory pathways.
Effect of osmoprotective compounds on sec expression in high-osmotic-strength medium. S. aureus accumulates osmoprotective compounds when grown in high-osmotic-strength medium, and at least some of these compounds are taken up by the bacteria from the medium (reviewed in reference 6). We wanted to determine whether addition of osmoprotectants to the growth medium could alleviate the repression of sec expression at high osmolarity. Choline, dimethyl glycine, glycine betaine, L-proline, and taurine were each tested in high-osmotic-strength medium (1.2 M NaCI) at final concentrations of 20 mM. Most of these compounds were chosen because they are osmoprotectants in S. aureus, capable of relieving growth inhibition due to high-osmoticstrength medium (9) . Dimethyl glycine was selected on the basis of Shortridge and coworkers' observation that, for Pseudomonas aeruginosa, it relieves repression of phospholipase C production in high-osmotic-strength medium (27) . With the exception of taurine, all of these osmoprotectants enhanced sec expression in high-osmotic-strength medium (Fig. 3) . The inability of taurine to relieve the repression of sec expression is consistent with a previous report which found that taurine is only effective as an osmoprotectant for S. aureus on solid medium; it is not osmoprotective in liquid cultures (9) . Although most of these compounds enhanced sec expression in high-osmotic-strength medium, choline, dimethyl glycine, and proline were not able to relieve growth inhibition under the culture conditions used in this study.
The effect of high osmolarity on the expression of specific gene products in S. aureus has been previously reported. The production of SEA, SEB, and SEC in high-osmoticstrength medium was examined by several groups, and they found that SEB production and SEC production were much more sensitive to high osmolarity than SEA production was. The decrease in SEA production appeared to correlate with a decrease in growth (14, 18, 28, 31, 33) , whereas large decreases in SEB and SEC production were observed even after correcting for decreased growth (7, 8, 30) . In this report, we have demonstrated that the reduction in sec expression under conditions of high osmolarity is occurring at the level of transcription or mRNA stability. In addition, repression of sec expression in high-osmotic-strength medium was relieved when osmoprotectants were present, indicating that the osmoregulation of sec may be similar to other systems (27) . A long-term goal of our studies is to understand the factors that affect expression of staphylococcal virulence genes in various environments. S. aureus can exist as a benign member of our normal flora or as a pathogen causing a variety of infections, from simple skin suppuration to lifethreatening septicemia. By analogy to other bacterial pathogens, S. aureus may coregulate many of its virulence factors in response to the environment (16) . We are using sec to study staphylococcal virulence gene expression. SEC is a food poisoning intoxicant (4) , and it has also been implicated in infections such as severe shock syndrome and septicemia (5, 10) . SEC is one of many potential virulence factors, including toxic shock syndrome toxin 1 and at-hemolysin, that are activated by agr (20, 22) . Previously, we demonstrated the involvement of agr in regulatory pathways that respond to environmental signals (e.g., alkaline pH [21] and glucose under conditions of nonmaintained pH [23] ); factors that alter gene expression via agr are likely to globally affect many potential virulence factors. In this report, we have shown that agr is not essential for the osmoregulation of sec, suggesting the existence of a regulatory pathway that is able to alter sec expression independently of agr.
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